Mitogen activated protein (MAP) kinase belongs to a large family of serine/threonine protein kinases, including extracellular-signal-regulated protein kinases (Erks), P38 kinase and c-Jun N-terminal kinases (JNKs). Although previous work has shown that both Erks and JNKs are activated in cells in response to ultraviolet (UV) irradiation, most studies have focused only on the role of JNKs in UV-induced AP-1 activation. Hence, the role of Erks in UV-induced AP-1 activity is not well de®ned. We here have investigated this issue by using MAP kinase kinase (MEK 1 
Introduction
Extensive studies in the last several years have demonstrated that the members of mitogen activated protein kinase (MAPKs) family constitute a superfamily of proteins that include extracellular-signalregulated protein kinases (Erks) and c-Jun N-terminal kinases/stress-activated protein kinases (JNKs/SAPKs) and P38 kinase (Boulton et al., 1990 (Boulton et al., , 1991 Davis, 1994; Kyriakis et al., 1994; Robbins et al., 1992) . These kinases belong to the activated serine/threonine kinases, which are uniquely identi®ed by the ThrXaa-Tyr dual-phosphorylation motif, where Xaa is Glu, Pro and Gly for Erks, JNKs/SAPKs and P38 kinase, respectively (Cobb et al., 1994; Kallunki et al., 1994; Sluss et al., 1994) . Phosphorylation of both tyrosine and threonine residues, which are found in the activation segment of the kinase domain, is essential for full kinase activity (Coso et al., 1995; Dalton and Treisman, 1992) . The activation of MAPKs may be by translocation to the nucleus, where these kinases phosphorylate target transcription factors such as AP-1 (Coso et al., 1995; Huang et al., 1996a; Rosenberger and Bowden, 1996) . It is believed that Erks are strongly activated and play a critical role in transmitting signals initiated by 12-0-tetradecanoylphorbol-13-acetate (TPA) and growth factors such as epidermal growth factor (EGF), platelet-derived growth factor (PDGF) (Cowley et al., 1994; Dalton and Treisman, 1992; L'Allemain et al., 1992; PageÁ s et al., 1993; Robbins et al., 1993; Wan et al., 1996; Xia et al., 1995) . Whereas the JNKs/SAPKs and P38 kinases are potently activated by various forms of stress, such as ultraviolet light (UV), heat shock and in¯ammation (Adler et al., 1995 (Adler et al., , 1996 BuÈ scher et al., 1988; Denhardt, 1996; Ludwig et al., 1996; Minden et al., 1994; SaÂ nchez et al., 1994) , the activation of these pathways is not mutually exclusive. For example, heat shock and UV irradiation partially activate the Erk1/Erk2 cascade and EGF partially activates the JNKs/SAPKs pathway (Denhardt, 1996 , Minden et al., 1994 . Thus, understanding how such speci®city is maintained and the extent and signi®cance of crosstalk between each signaling cascade are very important subjects requiring further investigation.
Erks (Erk1 and Erk2) were the ®rst members of the MAPKs superfamily whose cDNA were cloned (Boulton et al., 1990 (Boulton et al., , 1991 Cobb et al., 1994) . The Ras?Raf?MEK?Erks cascade is the signaling cascade that leads to Erks activation. Previous studies have found that cell exposure to UV irradiation caused activation of both Erks (Denhardt, 1996; PageÁ s et al., 1993) and JNKs (Adler et al., 1995 (Adler et al., , 1996 DeÂ rijard et al., 1994; Van Blesen et al., 1995; Verheij et al., 1996; Wan et al., 1996) pathways, but the extent of activation between these two pathways was dierent (Canman and Kasten, 1996; Denhardt, 1996; Ludwig et al., 1996; Radler-Pohl et al., 1993) . JNKs were eciently activated in cells exposed to UV, while UV irradiation only induced weak activation of Erks. Therefore, the role of JNKs activation in response to UV has been extensively studied, while the role of Erks activation by UV-induced signal transduction remains unclear. In this study, we used dominant negative Erk2, as well as wild-type of Erk2, to demonstrate the role of Erks in UV-induced AP-1 activation.
Results

Activation of Erks by UV irradiation in JB6 cells
JB6 cells are originally from mouse epidermal cells, which includes variants of tumor promotion sensitive (P + ) and tumor promotion-resistant (P 7 ) cells. Cl 41 cells and Cl 30.7b cells are two typical P + and P 7 cells of the JB6 cell system (Colburn et al., 1979; Dong et al., 1995a,b; Huang et al., 1996a) . To determine whether UV can induce activation of Erks in JB6 Cl 41 cells, the phosphorylation of Erk1 and Erk2 by UV irradiation was investigated in JB6 cells by using phosphoPlus MAPK kit. The results showed that both UVB and UVC induced the activation of Erk1 and Erk2 (phospho-Erk1 and phospho-Erk2), even though the extents of their activation were less than those by TPA or EGF (Figure 1 ). These results are consistent with previous studies in which dierent cells and methods were used to test UV-induced Erks activity (Radler-Pohl et al., 1993; Sachsenmaier et al., 1994) .
Treatment of cells with PD098059 reduces UV-induced AP-1 activity and phosphorylation of Erks and MEK 1 , but not JNK in JB6 Cl 41 cells
The above results and previous reports indicated that Erks are activated in response to UV irradiation. To determine the possible involvement of Erks in UVinduced AP-1 activation, we treated cells with PD098059, a selective inhibitor of MAP kinase kinase (MEK 1 ), that is a speci®c kinase upstream of Erks, to investigate its in¯uence on UV-induced AP-1 activity. The results showed that PD098059 signi®cantly inhibits UV-induced AP-1 activity ( Figure 2a ) and phosphorylation of MEK 1 and Erks (Figure 2b ), while no inhibition of JNKs phosphorylation was observed (Figure 2b ). These data suggest that an Erks signaling pathway is involved in UV-induced AP-1 activation. In contrast, we did not ®nd the in¯uence of PD098059 on total Erks and JNKs proteins, as well as PKCa protein that was used as a control for the loaded sample protein (Figure 2b ).
Introduction of dominant negative Erk2 blocks UV-induced AP-1 activity in JB6 Cl 41 cells
To determine the role of Erks in UV-induced AP-1 activation, we used stable AP-1 luciferase reporter and dominant negative Erk2 mutant (Erk2-K52R) cotransfectant, Cl 41 MAPK-DN B 3 mass1 and control stable transfectant with AP-1 luciferase reporter, Cl 41 AP-1 mass1 (Watts et al., 1998) . Introduced dominant negative Erk2 blocks the UV-induced activity of Erks (Figure 3a) , but not phosphorylation of JNKs ( Figure  3b ). To examine whether UV-induced AP-1 activity was impaired by introduction of dominant negative Erk2, we compared the AP-1 activity induced by UVB or UVC between the two stable transfectants. The results are shown in Figure 4 . Dominant negative Erk2 blocked UVB-or UVC-induced AP-1 activity by 80.5% and 68.2%, respectively ( Figure 4a ). These results were further con®rmed by time course and dose response studies (Figure 4b and c), demonstrating that activation of Erks is required for UV-induced AP-1 activation.
Overexpression of wild-type Erk2 dramatically increases UV-induced AP-1 activity in JB6 Cl 30.7b cells
Results from our previous studies indicate that both nonphosphorylated protein and phosphorylated protein levels of Erk1 and Erk2 in JB6 Cl 30.7b cells are much lower than in JB6 Cl 41 cells . If Erks play some role in UV-induced AP-1 activation, the overexpression of wild-type Erks may enhance Cl 30.7b cells to UV responses in AP-1 activation. Therefore, we co-transfected the AP-1 luciferase reporter plasmid and CMV-neo vector with or without rat wild-type Erk2 into JB6 Cl 30.7b cells. After G418 selection, the Cl 30.7b MAPK-WT mass2 and Cl 30.7b AP-1 mass4 were established. High levels of Erk2 protein and phosphorylated protein were found in Cl 30.7b MAPK-WT mass2 as compared with these in Cl 30.7b AP-1 mass4 ( Figure 5a ). In contrast, UV-induced JNK phosphorylation was not dierent in these two transfectants ( Figure 5a ). We then exposed these transfectants to UVB or UVC and measured AP-1 activity. As shown in Figure 5b , the AP-1 activity induced by UVB and UVC was signi®cantly increased (Figure 5c ). The data from time course studies are also consistent with this ( Figure 5c ). The results support the conclusion that UV-induced Erks activation is involved in AP-1 activation.
Discussion
In this study, we investigated the role of Erks in UVinduced AP-1 activation by several approaches. First, treatment of cells with PD098059, a selective inhibitor of MEK 1 , which is a speci®c upstream kinase of Erks, signi®cantly reduced the phosphorylation of MEK 1 and Erks, but not JNKs. The same concentration of PD098059 also inhibited UV-induced AP-1 activity. Second, introduction of a dominant negative Erk2 into JB6 Cl 41 cells blocked UV-induced Erks activation as 4 JB6 Cl 41 cells were seeded into each well of 6-well plates. After culture at 378C for 24 h, the cells were starved for 48 h by replacing medium with 0.1% FBS MEM. Four hours before the cells were exposed to stimulators, the medium was changed to serum-free MEM. Then, the cells were or were not exposed to TPA (10 ng/ml), EGF (10 ng/ml), UVB (2 KJ/m 2 ) or UVC (60 J/ m 2 ) for 30 min, respectively. The cells were lysed in lysis buer and Erk1 and Erk2 protein as well as their phosphorylated proteins (phospho-Erk1 and phospho-Erk2) were determined as described in phosphoPlus MAPK antibody kit by New England Biolabs
Role of Erks in UV-induced AP-1 transactivation C Huang et al well as UV-induced AP-1 activation. Finally, overexpression of wild-type Erk2 in JB6 Cl 30.7b cells profoundly increased the UVB-or UVC-induced AP-1 activity. These data strongly indicate that Erks, in addition to the previously reported JNKs, are also required for UV-induced AP-1 activation. Our results reveal that the crosstalk between Erks and JNKs pathways appear to be important for AP-1 activation after cellular exposure to UV irradiation.
Exposure of mammalian cells to UV irradiation not only causes DNA damage, resulting in cell death or somatic mutation, but also induces speci®c cell reactions, including activation of transcriptional factors, such as AP-1 and nuclear factor-kappa B (NFkB) (Coso et al., 1995; Huang et al., 1996a; Rosenberger and Bowden, 1996) . The signal transduction pathways leading to transcription factor activation have been extensively studied in the last several years (Boulton et al., 1990 (Boulton et al., , 1991 Kallunki et al., 1994; Kyriakis et al., 1994; Robbins et al., 1993) . It is known that mammalian cells contain at least three signaling pathways which are structurally related to the MAPKs pathway. It is believed that stress-related signals, including UV, induce the MEK kinase (MEKK)/SAPK/Erk kinase (SEK)?JNKs/SAPKs and the MAP kinase kinase3 (MKK3) or MKK6/ P38 kinase pathway (Adler et al., 1995 (Adler et al., , 1996 DeÂ rijard et al., 1994; SaÂ nchez et al., 1994) , while growth factors acting through Ras primarily stimulate the Raf/MEK/ Erks cascade of protein kinases (Cowley et al., 1994; Dalton and Treisman, 1992; PageÁ s et al., 1993; Wan et al., 1996; Xia et al., 1995) . However, activation of these three pathways cannot be completely separated from each other. For example, EGF can partially activate the JNKs/SAPKs pathway, whereas the UV irradiation partially activates the Erk1/Erk2 cascade (Denhardt, 1996; Minden et al., 1994) . Since JNKs/ SAPKs are strongly activated in cells exposed to UV irradiation, that weakly activates Erks (Denhardt, 1996; Minden et al., 1994) , most previous studies have only addressed the role of JNKs/SAPKs activation in UV-induced signal transduction. The role of Erks activation in UV stimulated responses is not well studied. To test the role of Erks activation in UV-induced AP-1 activation, we have used PD098059, a selective inhibitor of MEK 1 , and rat dominant negative Erk2 as well as rat wild-type Erk2 in JB6 cells. All evidence from these experiments support our hypothesis that Erk2 activation by UV is required for UV-induced AP-1 activation. Since inhibition of Erks activity by PD098059 or dominant negative mutant almost completely block the UV-induced AP-1 activity, and inhibition of JNKs was also reported to block most of the AP-1 activity (BuÈ scher et al., 1988; DeÂ rijard et al., 1994; Ludwig et al., 1996; Minden et al., 1994; SaÂ nchez et al., 1994) , it appears that both, Erks and JNKs/SAPKs, pathways are necessary for AP-1 activation in UV responses.
UV irradiation plays a major role in the development of human skin cancer (Fitzpatrick et al., 1976;  3 JB6 AP-1 reporter stable transfected Cl 41 cell, P + 1-1, suspended in 5% fetal bovine serum (FBS) MEM were added to each well of 96-well plates. After cultured at 378C overnight, the cells were starved by replacing the medium with 0.1% FBS MEM medium for 12 ± 20 h. The cells were treated with dierent concentrations of PD098059 for 30 min. The same concentration of DMSO (0.1%) was used in control group. Then, the cells were exposed to UVB (2 KJ/m 2 ) or UVC (60 J/m 2 ) irradiation. After 24 h, the AP-1 activity was measured by luciferase activity assay. The results are presented as relative luciferase activity. (b) For the assay of Erks, MEK 1 and JNKs, 8610 4 of JB6 Cl 41 were seeded into each well of 6-well plates. After culture at 378C for 24 h, the cells were starved and prepared as described in Figure 1 . Then, the cells were pretreated with medium containing 0.1% DMSO (control group) or dierent concentrations of PD98059 for 30 min and sequentially exposed to UVB (2 KJ/m 2 ) or UVC (60 J/m 2 ) irradiation. Thirty min later, the cells were lysed in lysis buer and phosphorylated as well as unphosphorylated proteins of Erks, MEK 1 and JNKs were determined as described in Materials and methods. PKCa was used as control for the loaded sample protein Role of Erks in UV-induced AP-1 transactivation C Huang et al Forbes et al., 1976) . Experimentally, UV irradiation acts both as a tumor initiator and a tumor promoter in animal models (Staberg et al., 1983; Strickland, 1986 ). Previous studies demonstrate that induced AP-1 activity is required for tumor promotion (Dong et al., 1995a,b; Huang et al., 1996c Huang et al., , 1998 . Signal transduction pathways leading to transcription factor AP-1 activation in UV response have been extensively studied (Adler et al., 1995 (Adler et al., , 1996 Denhardt, 1996; Huang et al., 1996a; Radler-Pohl et al., 1993) . However, some issues in UV-induced signal transduction pathways remain unresolved. For example, the primary targets of UV which initiate the signal transduction pathway are presently unclear. Based on the studies with DNA repair-de®cient xeroderma pigmentosum cells, DNA damage or by-products have been hypothesized to provide the primary signal transduction pathways mediating UV response. However, the rapid UV activation of signal transduction pathways and other evidence do not agree with DNA damage as the primary signal (Devary et al., 1992; Huang et al., 1996a) . In contrast, some previous reports demonstrated that UV-induced AP-1 activation depends on the activation of Ras/Raf and the tyrosine kinase Src (Devary et al., 1992; Radler-Pohl et al., 1993) . Since Src and Ras are associated with the plasma membrane, it was proposed that the signaling cascade leading to AP-1 activation by UV is initiated at the plasma membrane (Devary et al., 1992; Huang et al., 1996a) . Our previous study found that UV-induced AP-1 activity is blocked by antisense oligonucleotides of PKCz or dominant negative mutant of PKC l/i as well as dominant negative PKC z, demonstrating that UV-induced AP-1 activity is dependent on the aPKCs (Huang et al., 1996a) . It was also reported that aPKCs are involved in mitogenic signaling as well as activated by ceramide. UV irradiation induces increases in ceramide and activation of JNKs (Lozano et al., 1994; Muller et al., 1995; Raines et al., 1993) . Exposure of cells to C2-ceramide induce dose dependent activation of JNKs and Erks (Huang et al., 1997; Lozano et al., 1994; Raines et al., 1993) and cells de®cient in sphingomyelinase show no JNKs response to UV irradiation (Huang et al., 1997) . UV irradiation induces strong activation of JNKs and weak activation of Erks (Denhardt, 1996; Minden et al., 1994; PageÁ s et al., 1993) . It was also reported that JNKs activation leads to increasing AP-1 activity by phosphorylating c-Jun. Erks activation, by phosphorylating TCFs, may be involved in c-fos induction (Price et al., 1996; Su and Karin, 1996) . However, there is no evidence showing a requirement of Erks in UV-induced activation of AP-1 activity. In the present study, we demonstrated that inhibition of Erks activation blocks UV-induced AP-1 activity and overexpression of Erks in a cell line with limited Erks restored the UV response, suggesting that Erks activation is required for UV-induced AP-1 response. AP-1 consists of a family of Jun/Fos dimers which include dierent Jun proteins (c-Jun, JunB and JunD) and Fos proteins (c-Fos, FosB, Fra-1, Fra-2 and FosB2). There are clear circumstances when c-fos is induced without Erks activation (Cano and Mahadevan, 1995) , and conversely where Erks activation does not result in c-fos induction (Campos-Gonzales et al., 1992; Seiva and Glenny, 1993) . Also, it was reported that Erks Four hours before cells were exposed to UV irradiation, the medium was changed to serum-free MEM. Then, the cells were treated with or without UVB (2 KJ/m 2 ) or UVC (60 J/m 2 ) irradiation and cultured for 30 min (a, top and b) or for the times as indicated (a, bottom). The cells were harvested. The Erks activity (a) and phosphorylated as well as unphosphorylated proteins of JNKs (b) were determined as described by New England Biolabs activation can mediate the phosphorylation of c-Jun (Pulverer et al., 1991) . Furthermore, c-Fos is not the limiting protein for the induction of AP-1 in JB6 P 7 cell (Ben-Ari et al., 1992) . The AP-1 activity is stimulated by TPA, EGF in JB6 P + cells but not in JB6 P 7 cells; however, the induced level of c-fos is similar in P + and P 7 cells (Ben-Ari et al., 1992; Bernstein and Colburn, 1989) . Thus, further study in Figure 4 Dominant negative Erk2 blocks UV-induced AP-1 activity. 8610 3 of JB6 Cl 41 AP-1 mass1 or Cl 41 MAPK-DN B 3 mass1 were seeded into each well of 96-well plates. After culture at 378C overnight, the cells were starved for 24 h by replacing medium with 0.1% FBS MEM. Then, the cells were exposed to either UVB (2 KJ/m 2 ) or UVC (60 J/m 2 ) for 24 h (a) or dierent time points as indicated (b). For the dose response study (c), the cells were exposed to dierent doses of UVB or UVC, and incubated for 24 h. AP-1 activity was measured and the results are presented as described in Materials and methods section this issue will focus on the underlying mechanism of requiring Erks in UV-induced AP-1 activation. In summary, the evidence from this study using JB6 cells demonstrates that activation of Erks by UV irradiation, in addition to the activation of JNKs, is also required for AP-1 activation. Although the signi®cance for both Erks and JNKs being required for AP-1 activation is not presently known, some evidence indicates that the balance of crosstalk between Erks and JNKs signaling may play an important role in determining cell survival or death (Canman and Kastan, 1996; Xia et al., 1995) . In light of the importance of UV-induced signal transduction in skin carcinogenesis, further clari®cation of this issue will provide some useful information for the understanding of UV-induced skin cancer.
Materials and methods
Plasmids and reagents
AP-1 luciferase reporter plasmid (773/63 collagenaseluciferase) and CMV-neo vector plasmid were constructed as previously reported (Dong et al., 1995; Huang et al., 1996b) . Fetal bovine serum (FBS) was from GIBCO; LipofectAMINE was from GIBCO BRL; Eagle's minimal essential medium (MEM) and TPA were from Calbiochem; EGF was from Collaborative Research; luciferase assay substrate was from Promega; and PhosphoPlus MAPK antibody kit was from New England Biolabs. PD098059 was purchased from Biomol and dissolved in DMSO.
Cell culture
JB6 P
+ mouse epidermal cell line, Cl 41, and its transfectants or P 7 cell line, Cl 30.7b and its transfectants were cultured in monolayers at 378C, 5% CO 2 using Eagle's minimal essential medium containing 5% fetal calf serum, 2 mM L-glutamine and 25 mg of gentamicin per ml (Huang et al., 1996b) . 30.7b Cell stable transfectants, 30.7b AP-1 mass3 or 30.7b MAPK-WT mass2, and Cl 41 cell stable transfectants, Cl 41 AP-1 mass1, Cl 41 MAPK-DN B 3 mass1 were established and reported as previously Watts et al., 1998) .
Assay for AP-1 activity
Con¯uent monolayers of JB6 stable transfectants were trypsinized and 8610 3 viable cells suspended in 100 ml 5% FBS MEM medium were added to each well of a 96-well plate. Plates were incubated at 378C in a humidi®ed atmosphere of 5% CO 2 and 95% gas air. Twelve to twentyfour hours later, cells were starved by culturing cells in 0.1% FBS MEM for 12 h prior to exposure to TPA, EGF or UV.
The cells were exposed to EGF, TPA or UV as indicated for 24 h in 378C, 5% CO 2 incubation. The cells were extracted with lysis buer and luciferase activity was measured using a luminometer (Monolight 2010). The results are expressed as the relative AP-1 activity or relative luciferase units (RLU) (Dong et al., 1995a; Huang et al., 1996b) . The AP-1 activity is presented as relative of medium control cells.
Erks and JNKs kinase phosphorylation assay
Immunoblot for phosphorylation of Erks and JNKs kinase was carried out as described by New England Biolabs, using phospho-speci®c antibodies against phosphorylated sites of Erks (p44 and p42) and JNKs, respectively.
Erks activity assay
Erks activity assay was carried out as described by protocol of New England Biolabs. In brief, JB6 Cl 41 transfectants were starved for 48 h in 0.1% FBS MEM at 378C, 5% CO 2 atmosphere incubator. The cells were exposed to UVB (2 KJ/ m 2 ) and UVC (60 J/m 2 ) for the time indicated. The cells were washed once with ice-cold phosphate buered saline and lysed in 300 ml of lysis buer per sample (20 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM b-glycerolphosphate, 1 mM Na 3 VO 4 , 1 mg/ml leupeptin). The lysates were sonicated and centrifuged and the supernatant incubated with phospho-speci®c p44/42 MAP kinase (Thr 202/Tyr 204) monoclonal antibody for 4 h at 48C; then, incubated with protein A sepharose beads overnight at 48C. The beads were washed twice with 500 ml of lysis buer with PMSF and twice with 500 ml of kinase buer (25 mM Tris, pH 7.5, 5 mM bglycerophosphate, 2 mM DTT, 0.1 mM Na 3 VO 4 , 10 mM MgCl 2 ). The kinase reactions were carried out in the presence of 2 mg Elk-1 fusion protein and 100 mM ATP at 308C for 30 min. Elk-1 phosphorylation is selectively measured by Western immunoblotting using a chemiluminescent detection system and speci®c antibodies against phosphorylation of Elk-1 at serine 383. Abbreviations UV, ultraviolet; AP-1, activated protein-1; EGF, epidermal growth factor; Erk, extracellular signal-regulated protein kinase; MAP kinase, mitogen-activated protein kinase; JNK, c-Jun N-terminal kinase; P + , tumor promotionsensitive; P 7 , tumor promotion-resistant; TPA, 12-Otetradecanoyl phorbol-13-acetate.
